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Received 5 June 2006; received in revised form 29 August 2006; accepted 1 September 2006AbstractThe most conspicuous waterbodies in the Pampa region of Argentina are the so-called ‘‘lagunas’’. A typical
Pampean laguna may be described as a relatively large (100+ha), permanent, shallow lake. Here, we report the
dynamics of laguna Chascomu´s, sampled weekly, from April 2001 to June 2003. During the period, the lakes
experienced three consecutive ﬂoods waves that affected the concentration of major ions and the optical signature of
the dissolved organic matter. Despite these hydrological alterations, laguna Chascomu´s was permanently limited by
light. Transparency was to a great extent controlled by the incident photosynthetic available radiation irradiance. We
hypothesize that wind contributes to the permanent mixing of the lake, as well as to lessen the sedimentation losses of
photoautotrophs.
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The most conspicuous waterbodies in the Pampa
region of Argentina are the so-called ‘‘lagunas’’. A
typical Pampean laguna may be described as a relatively
large (100+ha), permanent, shallow lake. Shallow lakes
often alternate between two possible states: a turbid
state, in which production is dominated by phytoplank-
ton, and a vegetated, relatively clearer state, in which
production is dominated by rooted vegetation (Scheffer,
1998; Scheffer, Hosper, Meijer, Moss, & Jeppesen,
1993). A third type of laguna has been described in the
Pampa region by Quiro´s et al. (2002). This third type
corresponds to turbid lakes, in which turbidity is mostlye front matter r 2006 Elsevier GmbH. All rights reserved.
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ess: zagarese@intech.gov.ar (H.E. Zagarese).due to inorganic suspended material. Based on the
chronicles of XIX travelers, it has been suggested that,
before the settlement of Europeans and their descen-
dants, most Pampa lagunas occurred in a vegetated state
(Quiro´s, 1995, 1998; Quiro´s, Rennella, Boveri, Rosso, &
Sosnovsky, 2002). However, because of their occurrence
in fertile lands, these already eutrophic lakes (Quiro´s &
Drago, 1999) have experienced increased levels of
eutrophication in recent times, and many of them have
switched to a turbid state. Once in a turbid state, the
lake morphometry, the general ﬂatness of the terrain,
and the persistence and strength of winds combine to
favor water mixing and to prevent stable stratiﬁcation
(Quiro´s & Drago, 1999), which purportedly act as
stabilizing factors of the turbid state.
Shallow lakes in the Pampa region have long been
impacted by human activities, including agriculture,
urban and industrial discharges, and the emplacement of
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evidence that the area is experiencing large-scale change
in climate, such as elevated temperatures, higher
precipitation and increased frequency of ﬂoods and
droughts events. This study describes some aspects of
the dynamics of three lakes occurring in the north-
eastern part of Buenos Aires Province (Argentina), a
region usually termed ‘‘Pampa deprimida’’ (low grass-
land). The three lakes belong to an extended watershed,
customarily referred to as ‘‘lagunas encadenadas del
Salado’’. Presently, all lakes within the watershed are in
a turbid state. Here, we present the results of a 2-year
study, during which we had the opportunity of
documenting three salient aspects: (i) the consequences
of ﬂood events, (ii) the spatial heterogeneity within and
between lakes and (iii) the seasonal variability of laguna
Chascomu´s.Materials and methods
Study area
The Pampa region of Argentina harbors a large
number of shallow lakes of varied size. This study deals
with lakes occurring in the ‘‘Pampa deprimida’’ in
northeastern Buenos Aires (Argentina). The climate in
this region is temperate, with warm summers and mild
winters. Mean annual temperature is 15.3 1C. The
average precipitation for the whole area is about
800mmyear1 (Quiro´s, & Drago, 1999), but in the
vicinity of laguna Chascomu´s, it reaches about
1055mmyear1 (unpublished data). Winds blow with
a mean annual speed of 10.1 kmh1 (77.2), and during
the study period, ranged from absolute calm to
122 kmh1. The landscape lacks major geographic
features and is characterized by a gentle slope (0.05%
in average) (Dangavs, Blasi, & Merlo, 1996). As regard
to the ionic concentration, Pamapean lakes are typically
dominated by sodium-bicarbonate (Ferna´ndez Cirelli, &
Miretzky, 2002).
Laguna Chascomu´s belongs to a watershed customa-
rily termed ‘‘lagunas encadenadas del rı´o Salado’’ (i.e.,
the river Salado chained lakes). The watershed covers an
area of about 801 km2 (Dangavs et al., 1996). The
system ‘‘lagunas encadenandas’’ includes seven lakes:
Vitel (1305 ha), Chascomu´s (3014 ha), Adela/Mana-
ntiales (2098 ha), del Burro (1070 ha), Tablilla
(1674 ha), Chis-Chis (1481 ha) and Las Barrancas
(885 ha). These lakes are interconnected by short
streams, and ultimately drain into the Salado river
(Fig. 1) (Ferna´ndez Cirelli & Miretzky, 2002).
Under most circumstances, the water ﬂows from its
headwaters, upstream of laguna Vitel, thought
the system of chained lakes, into the Salado river.
However, because of the ﬂatness of the landscape,ﬂoods originated in the upper the Salado river
watershed may overﬂow and raise the water level at
the point of discharge of Laguna Barrancas, causing a
reversion of the normal ﬂow, which may result in an
ingression of river water into the ‘‘Encadenadas’’
(Chornomaz, Etchepare, Escaray, Bustingorry, & Con-
zonno, 2002; Maizels et al., 2003).
Our study was performed in three of the previously
mentioned lakes, namely Vitel (351310S, 581070W),
Chascomu´s (351360S, 581020W) and Adela (351400S,
581000W). These three lakes are shallow (Vitel Zmean:
1.17m. Chascomu´s Zmean: 1.53m, and Adela Zmean:
1.24m) (Dangavs, 1976) and, at least during the study
period, they were predominantly devoid of macro-
phytes. All the previous characteristics: large surfaces,
shallow depths, strong and persistent winds, ﬂat land-
scape, and absence of rooted plants favor a state of
continual mixing and lack of stratiﬁcation.Measurements and sampling collection
Laguna Chascomu´s was sampled weekly from April
2001 to June 2003, at three sampling sites (see Fig. 1).
Sites 1 and 3 were visited during the whole study, but
sampling of site 2 was discontinued after October 2002.
The other two lakes, Vitel and Adela were sampled
starting on November 2002. Conductance (Hach con-
ductimeter), pH (Orion pH meter), temperature and
Secchi disk transparency were measured ‘‘in situ’’ at
each sampling site. In addition, water samples were
collected directly from about 30 cm below the surface for
chemical determination of major ions and nutrients.
Major ions were measured on ﬁltered (Whatman
0.45 mm) water samples as follows: bicarbonate (HCO3
)
and carbonate (CO3
2) by acid titration, using succes-
sively heliantine and phenolphthalein as endpoints;
calcium (Ca+2) and magnesium (Mg+2) by EDTA
titration; sodium (Na+) and potassium (K+) were
measured by ﬂame photometry (Ciemar JMG-1);
chloride (Cl) was measured by silver nitrate (AgNO3)
titration, using potassium chromate solution (K2CrO4)
as indicator; sulfate (SO4
2) by precipitation titration
with BaCl2 (turbidimetry). All these determinations
were performed according to APHA (1992).
Total phosphorous (TP) was measured by acid
digestion with persulfate; Soluble reactive phosphorus
(SRP) by molybdate-ascorbic method; total nitrogen
(TN) was considered as the sum of nitrates, nitrites,
ammonia and organic nitrogen. Nitrates were reduced
to nitrites using a cadmium column. Nitrites were
analyzed by diazotization. Organic nitrogen was deter-
mined by Kjeldahl method (APHA, 1992). Ammonia
was determined by formation of indophenol blue and
read at 630 nm (Hitachi U-2000 Spectrophotometer)
(Mackereth, Heron, & Talling, 1978).
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Fig. 1. Map of the study area showing the location of lakes and sampling sites.
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dissolved oxygen (Winkler); total suspended solids (also
referred as seston), were determined by weighting the
residue resulting from the ﬁltration of a water sample
through membrane ﬁlter (0.45 mm). All measures were
determined following APHA (1992). Chlorophyll a was
determined by the spectrophotometric (Hitachi U-2000)
method, using methanol as the extraction solvent
(Lopretto & Tell, 1995). Dissolved organic matter
(DOM) was characterized by UV–vis spectroscopy
(Hitachi U-2000 Spectrophotometer). The absorbance
ratio 250:365 nm was used as an inverse index of DOM
average molecular weight (Conzonno & Fernandez
Cirelli, 1987; De Haan, De Boer, Kramer, & Voerman,
1982; Lindell, Grane´li, & Tranvik, 1995). Solar radiation
was continuously recorded with a GUV 511 radiometer
(Biospherical Instruments, Inc.) located at Buenos Aires
city (about 155 km northeast). The GUV radiometer has
four narrow band channels for UVR (305, 320, 340 and
380 nm) and a wideband channel for photosynthetic
available radiation (PAR) (400–700 nm). Wind informa-
tion was provided by the Servicio Meteorolo´gico
Nacional (Dolores station, about 160 km South from
Chascomu´s).Results
During the study period water temperature ranged
from 7.5 to 24.8 1C in Vitel, 6.7 to 25.7 1C in Chascomu´s
and 7.4 to 25.2 1C in Adela. The three lakes showed little
variation in water pH: Vitel 8.1–8.4, Chascomu´s: 7.7–8.9
and Adela: 8.1–8.5. The ionic composition was domi-
nated by bicarbonate as the more abundant anion and
sodium as the most important cation. The concentra-
tions of major ions are summarized in Table 1. Overall,
the time averaged concentrations of nutrients in the
three lakes were comparable to the values reported by
Quiro´s (2003) for a set of shallow Pampa lakes, and by
Conzonno (1991) and Romero and Arenas (1995) for
laguna Chascomu´s (Table 2).
Owing to the morphology of the lake basin, laguna
Chascomu´s overﬂows when its maximum depth exceeds
about 3.3m. During the study period the area of the
‘‘Encadenadas’’ experienced a series of three consecutive
ﬂoods waves (Fig. 2). The ﬁrst two ﬂoods peaks were
mostly caused by water ﬂowing from the ‘‘Encadena-
das’’ system headwaters. Thus, during the ﬁrst two ﬂood
waves, the water ﬂow followed the direction of the
terrain slope. In these cases, each ﬂood peak resulted in
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Table 1. Mean (7SD) values of major ions in lakes Vitel, Chascomu´s and Adela
Lake CO3
2 (mgL1) HCO3
 (mgL1) Cl (mgL1) SO4
+2 (mgL1) Na+ (mgL1) K+ (mgL1) Mg+2 (mgL1) Ca+2 (mgL1)
Vitel 6.9 (73.6) 217.8 (774.4) 57.8 (712.4) 52.4 (713.4) 149.9 (743.0) 8.6 (72.7) 19.2 (74.6) 16.2 (73.2)
Chascomu´s 6.9 (74.2) 177.6 (762.8) 55.0 (723.8) 37.0 (729.8) 128.5 (742.3) 19.2 (718.8) 20.9 (77.0) 17.4 (72.4)
Adela 7.8 (73.3) 219.0 (776.9) 81.2 (79.9) 46.6 (79.1) 150.6 (741.2) 10.2 (72.7) 24.5 (74.9) 20.0 (72.0)
Table 2. Mean values of water parameters and nutrients0 concentrations in lakes Vitel, Chascomu´s and Adela
Lake D.O. (mgL1) pH Conductivity (mS cm1) TP (mgL1) TN (mgL1)
Vitel 7.20 (71.28) 8.27 (70.12) 0.724 (70.109) 345.27 (7130.20) 947.73 (7426.40)
Chascomu´s 8.34 (71.50) 8.26 (70.20) 0.642 (70.162) 353.02 (7147.29) 1034.78 (7461.19)
Adela 7.62 (71.40) 8.30 (70.11) 0.773 (70.128) 253.31 (7129.56) 726.57 (7334.46)
D.O.: dissolved oxygen; TN: total nitrogen; TP: total phosphorous.
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Fig. 2. Evolution of water electrical conductance in the three
lakes. The solid line represents the maximum depth of laguna
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the depth at which laguna Chascomu´s overﬂows. The peaks
above the dashed line represent the three consecutive ﬂood
waves experienced by the lake during the studied period.
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Fig. 3. Evolution of the ratio of absorbance at 250:365 nm.
The ratio is an inverse measure of the mean molecular
weight of the dissolved organic matter. All other references
as in Fig. 2.
A. Torremorell et al. / Limnologica 37 (2007) 100–108 103a decrease in water conductance (Fig. 2), as well as in the
concentration of conservative ions (not shown). In
contrast, the third ﬂood peak was due to a ﬂood wave
descending from upper Salado river watershed. The
overﬂow of the Salado river resulted in the intrusion of
river water into the ‘‘Encadenadas’’ system against the
normal gravity gradient. The Salado river has typically
higher salinity levels than the three studied lakes (Solari,
Claps, & Gabellone, 2002), a fact that could account for
the lack of a dilution effect and even for the slight
increase in electric conductance observed by the end of
our study. The average molecular weight of the DOM
was lower before the ﬂooding period, increased and
remained higher during the three ﬂooding events and
started decreasing once the lake has returned to its
natural basin (Fig. 3).Several water parameters displayed striking synchro-
nous variations among the three sampling sites in laguna
Chascomu´s, indicating a high degree of water mixing
and the absence of patchiness. Moreover, a lower, but
still relatively high degree of synchronism was also
observed among the three lakes: Vitel, Chascomu´s and
Adela. For example, the TP concentration, the amount
of suspended solids, and to a lesser extent, the
concentration of chlorophyll a displayed rather similar
patterns and showed high levels of correlation over time
(Figs. 4a–c). TP concentration tended to be higher
during summertime (Fig. 5a), as did the amount of total
suspended solids (Fig. 7b); as a result, a signiﬁcant
correlation between TP and TSS was observed (Fig. 5b).
Transparency was very low in the three lakes during
the whole study period. Mean Secchi depth readings
were 12.1 cm (72.7) in Vitel, 17.0 (75.3) in Chascomu´s
and 16.5 cm (74.0) cm in Adela. Transparency was
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Fig. 4. (a) Evolution of total phosphorus, (b) seston, and (c) chlorophyll a concentration. The left panels show the data for the three
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A. Torremorell et al. / Limnologica 37 (2007) 100–108104mostly governed by the amount of total suspended
solids in the water column (Fig. 6a) as noted previously
by Conzonno (1991). But, in contrast to Romero and
Arenas (1995), we did not observe a correlation between
TSS and chlorophyll a (Fig. 6b), suggesting that factors
others than phytoplankton concentration were also
important in regulating water transparency, and that
these factors were to some extent decoupled from
phytoplankton density. In addition, no relationship
between transparency and wind speed could be observed
(Fig. 6c), suggesting that resuspension of sediments was,
at most, of secondary importance. The depth normal-
ized transparency (i.e., Sechi disk reading/Zmax) showed
a pattern opposite to ground level PAR irradiance,resulting in a strong and signiﬁcant negative relationship
(r ¼ 0.78, n ¼ 288, po0.0001) between the two mag-
nitudes (Fig. 7a). On the other hand, as a result of the
inverse relationship between transparency and seston,
the amount of seston expressed on an area basis tracks
the variation in incident PAR irradiance (r ¼ 0.83,
n ¼ 258, po0.0001) (Fig. 7b).Discussion
Laguna Chascomu´s is a large, shallow lake of the
Pampa region of Argentina. At present, the lake is
virtually devoid of rooted vegetation, well mixed and
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A. Torremorell et al. / Limnologica 37 (2007) 100–108 105turbid. During the study period, the area experienced an
atypical wet period, which translated in massive regional
ﬂoods. As a result, Lake Chascomu´s experienced three
consecutive ﬂooding waves. During the ﬁrst two waves
the water ﬂowed along the gravity gradient. In contrast,
the third ﬂood peak was caused by the ingression of the
river Salado water. These movements of water were
reﬂected in the lake water chemistry: the ﬁrst two ﬂoods
resulted in decreases in ionic concentration and electrical
conductance, most likely due to dilution of the lake
water, while the third ﬂood event was accompanied by
an increase in water conductance, reﬂecting the higher
salinity of the Salado river.
The effect of ﬂoods was also detected by the optical
signature of the DOM. Before the ﬂoods, the ratio of
absorbance at 250:365 nm was higher, indicating that
the DOM pool was dominated by relatively low mean
molecular weight organic moieties. The 250:365 ratio
decreased and remained low during the ﬂooding period,
indicating the input of fresh organic mater from the
watershed. Finally, as the lake returned to its normal
basin, the ratio 250:365 increased steadily, which may be
interpreted as the result of progressive photobleachingof the DOM, once the DOM input from the watershed
had decreased and water residence time within the lakes
increased (Morris & Hargreaves, 1997; Osburn, Morris,
Thorn, & Moeller, 2001; Osburn, Zagarese, Morris,
Hargreaves, & Cravero, 2001).
Regardless of the changes caused by the ﬂoods, the
lake displayed a high degree of homogeneity and
temporal coherence. The values of variables measured
in three sampling sites showed a high degree of
synchronicity (Fig. 4). This suggests that the lake was
mixed permanently, preventing the development of
patchiness. Some degree of synchronicity is also
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A. Torremorell et al. / Limnologica 37 (2007) 100–108106displayed between Chascomu´s and the other two
adjacent lakes, Vitel and Adela. But the correlation
between values measured in the three lakes is weaker
and in a few cases non signiﬁcant. Collectively, this
suggests that climate (Baines, Webster, Kratz, Carpen-
ter, & Magnuson, 2000), and particularly the intensity
and persistence of winds are key factors for the
functioning of laguna Chascomu´s.
As in other shallow lakes, the TP concentration tended
to be higher in summer. Several explanations have been
proposed for this phenomenon, including higher sedi-
ment release rates in summer stimulated by higher
temperatures (Jeppesen et al., 1997) but we feel that the
most parsimonious explanation may be simply that more
TP is present in the water column during summer because
the amount of suspended solids is also higher. In other
words, that stoichiometric constrains (Sterner & Elser,
2002) dictate a positive relationship between the amount
of particulate organic matter and TP.
The low transparency prevailing in the studied lakes
reduced the amount of PAR to levels that can be safetyassumed to limit primary production. As an example, we
estimated that the incident PAR irradiance reaching the
lake surface at noon on a cloudless day, around the
summer solstice (about 490Wm2) would be reduced to
about 20Wm2 for the depth integrated average
irradiance. Comparing this ﬁgure with a typical Ik value
of about 28Wm2 would lead us to conclude that
phytoplankton growth is light limited even during the
best-illuminated instant of the year.Towards a comprehensive understanding of lake-
system dynamics
Within the previous context, the analysis of Figs. 6
and 7 is very instructive to help grasping a ﬁrst
approximation of the lake functioning mechanisms.
We have presented evidence suggesting that the lake is
permanently limited by light. Thus, as light increases in
summer, the amount of particulate material increases.
Considering that water transparency is mostly con-
trolled by particulates (Fig. 6a), it would be expected
that the depth normalized transparency (i.e., Secchi
reading/Zmax) should be inversely related to incident
PAR irradiance (Huisman, 1999). This prediction was in
fact observed (Fig. 7). Fig. 6 also shows that water
transparency was not correlated with chlorophyll a
concentration. In other words, transparency is mostly
controlled by the scattering by particulates, regardless of
their nature (autotrophic, heterotrophic or detrital). In
addition, transparency was not correlated with wind
speed. This suggests that even when resuspension of
sedimented material is likely to contribute to water
turbidity (Scheffer, 1998), it may not be involved in the
ﬁne-tuning of water transparency.
As one looks at the clues provided by the whole set of
results, the picture that emerges is one in which light and
wind are the central characters of the play. Laguna
Chascomu´s has an excess of nutrients, thus under present
day conditions, nutrient limitation is probably not a
matter. Presently, the lake is light limited because water
transparency is controlled by the amount of suspended
solids. Light plays a fundamental role in controlling the
amount of particulates: whenever more light is available,
the growth of photoautotrophs is stimulated, resulting in
the formation of additional particulates, which in turn
reduce water transparency, completing a feedback loop
that ﬁne-tunes transparency according to the light input
(Huisman, 1999; Scheffer, 1998).
The seasonal variation in surface irradiance is however,
insufﬁcient to explain the whole set of patterns observed
during our study. Light attenuation in laguna Chascomu´s
is mostly due to scattering by particulates, which results in
the inverse relationship between Secchi disk reading and
seston (Fig. 6). Scattering by particulates increases light
attenuation by increasing the path of photons within the
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eventually absorbed (Kirk, 1994). In fact, we have recently
estimated that scattering increases the downwelling diffuse
attenuation coefﬁcient by about an order of magnitude as
compared to the total attenuation of all optically active
components in the water column (unpublished data).
However, in a still water column (i.e., in the absence of
wind driven turbulence), a large proportion of the
suspended material settle down within a couple of days
(Scheffer, 1998, and our unpublished experiments per-
formed in plastic columns). Thus, mixing not only serves
to homogenize the lake, it also helps maintaining the
particulates in suspension, increasing light attenuation and
maintaining a state of light limitation. Nevertheless,
despite the importance of mixing in maintaining the
particulate material in suspension, the lack of relationship
between transparency and wind speed (Fig. 6c) suggests
that resuspension of sedimented material is probably not
involved in the ﬁne-tuning of water transparency, as
discussed above. Therefore, we hypothesize that turbidity
is maintained predominantly by living material, and that
the role of turbulence is to retard the settlement of this
material. In other words, turbulence reduces population
losses, so that microbial populations can outgrow sinking
rates (Huisman, 1999; Scheffer, 1998).
Admittedly, the account of laguna Chascomu´s
functioning given in this section is a ‘‘post-hoc’’ attempt
to explain the observed lake dynamics observed during
the study period. As such, several of the assumptions on
which it rests remain speculative. Its merit, in our
opinion, is to provide a coherent set of mechanisms for
our ﬁeld observations, and also a general framework for
the development of testable hypotheses that may help to
understand the functioning of shallow Pampa lakes.Acknowledgements
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